Background. Mesenchymal stromal cells (MSCs) offer great potential for diverse clinical applications. However, conventional systemic infusion of MSCs limits their therapeutic benefit, since intravenously (IV) infused cells become entrapped in the lungs where their dwell time is short. Methods. To explore possible alternatives to IV infusion, we used in vivo optical imaging to track the bio-distribution and survival of 1 million bioluminescent MSCs administered IV, intraperitoneally (IP), subcutaneously (SC) and intramuscularly (IM) in healthy athymic mice. Results. IV-infused MSCs were undetectable within days of administration, whereas MSCs implanted IP or SC were only detected for 3 to 4 weeks. In contrast, MSCs sourced from human umbilical cord matrix or bone marrow survived more than 5 months in situ when administered IM. Longterm survival was optimally achieved using low passage cells delivered IM. However, MSCs could undergo approximately 30 doublings before their dwell time was compromised. Cryo-preserved MSCs administered IM promptly after thaw were predominantly cleared after 3 days, whereas equivalent cells cultured overnight prior to implantation survived more than 3 months. Discussion. The IM route supports prolonged cell survival of both neo-natal and adult-derived MSCs, although short-term MSC survival was comparable between all tested routes up to day 3. IM implantation presents a useful alternative to achieve clinical benefits from prolonged MSC dwell time at a homeostatic implant site and is a minimally invasive delivery route suitable for many applications. However, optimized thaw protocols that restore full biological potential of cryo-preserved MSC therapies prior to implantation must be developed.
Introduction
Mesenchymal stromal cells (MSCs) are a heterogeneous population of progenitor cells [1] [2] [3] [4] [5] exhibiting numerous therapeutically useful properties. Moreover, a growing body of evidence supports the notion that MSCs are highly suitable vectors for a range of therapeutic molecules, including growth factors, drugs and monoclonal antibodies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Human umbilical cord perivascular cells (HUCPVCs) are a rich, wellcharacterized source of MSCs [18] highly amenable to engineering [6, 7] , stockpiling [19, 20] and allogeneic transplantation [19, 21, 22] . HUCPVCs have exhibited robust clinical potential for a range of indications including inflammation [23] [24] [25] , wound healing [24, 26] , myocardial infarction [25, 27] and lung transplantation [28] and as gene therapy vectors for osteogenic repair [6] and bioweapons defense [7] .
The consistent safety of administered MSCs [29] [30] [31] [32] [33] [34] has been reported from numerous clinical trials. However, MSC therapies have had variable success in meeting required endpoints in phase 2 and phase 3 clinical trials [35] , in part due to limited persistence of cell transplants. The current standard practice for delivering cell therapies is by intravenous (IV) infusion. However, numerous studies have consistently demonstrated that IV-infused cells largely become trapped in the capillaries of the lungs, where they fail to survive longer than a few days [34, [36] [37] [38] [39] [40] . This phenomenon truncates the potential therapeutic benefit of applied MSCs, a limitation cited in both clinical trials and animal studies [32, 41, 42] .
There have been recent experimental demonstrations of MSCs as an active secretion platform to modulate the pharmacokinetics of therapeutic factors, including increasing numbers of reports that natural and engineered MSCs can provide sustained, continuous delivery of innate biomolecules and exogenous drugs and antibodies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [43] [44] [45] .The reported correlations between cell persistence and systemic circulation of MSC-derived factors [7, 36] suggest that non-conventional protocols may be useful to achieve optimal sustained benefit from MSC therapies. Few studies, however, have combined cell bio-distribution data with serum profiles of MSC-secreted factors. Cells administered IV exhibit an acutely truncated serum profile of secreted factors, lasting less than 3 days [36] . In contrast, we recently reported that engineered MSCs, administered intramuscularly (IM), were still detectable at the implant site more than 100 days after transplantation where they continued to secrete a functional antibody into circulation [7] . We selected the IM administration route over IV infusion because our concept of use is for administration outside the boundaries of the clinic, in the field and for mass casualty scenarios. Here we sought to identify the key aspects of the previous study that generated such an unexpected and useful result, postulating that the observed persistence may be a consequence of the administration route, the early passage of the cells used in that study or the increased survival potential of the neo-natal cordderived MSCs compared with adult-sourced MSCs such as bone marrow (BM). We also sought to identify the organs preferentially populated by MSCs administered by different routes, to aid in developing organ-or target-specific therapies for various indications.
Direct comparative evidence for MSC survival and bio-distribution following implantation by various routes is currently lacking. The parameters of individual studies, including cell source, isolation and expansion conditions, implantation routes and delivery vehicles, immune-competency, disease or injury state and type of animal model, combined with various cell labeling and detection methods preclude reliable comparisons between existing data sets.
The aim of this study was to execute a controlled, side-by-side comparison of the effects of delivery route and passage number (i.e., time in culture prior to implantation) on survival and distribution of a clinically relevant population of cells-HUCPVCs. In the present work, we performed a longitudinal comparison of the dwell time and bio-distribution of HUCPVCs administered by four clinically relevant routes: IV, intraperitoneal (IP), subcutaneous (SC) and IM. Next, we examined the effects of in vitro expansion and cryopreservation on the dwell time of IM implanted HUCPVCs. Finally, we tested whether IM implantation also potentiates extended dwell time of human BM-derived MSCs. Taken together, our data identify IM implantation as an optimal route to achieve prolonged post-transplantation survival of MSCs, a critical factor in achieving controlled, sustained therapeutic benefit of applied MSCs. Finally, these data reveal that HUCPVCs can be subject to considerable expansion in vitro and still retain their persistence after IM implantation, and confirm a recent report that MSCs administered directly from cryogenic storage may be functionally compromised [46] .
Materials and methods

Cell culture
HUCPVCs [22] cryo-preserved at passage 2 were provided by Tissue Regeneration Therapeutics (TRT), Inc. HUCPVCs were thawed according to TRT's proprietary standard operating procedures and expanded in Mesenchymal Stem Cell Growth Media-Chemically Defined (MSCGM-CD; Lonza). Passage 1 human BM-MSCs were also provided by TRT. BM-MSCs were recovered in isolation media-Alpha-Minimum Essential Medium (MEM; Life Technologies) supplemented with 15% MSC-Fetal Bovine Serum (FBS; Life Technologies)-then weaned to MSCGM-CD to facilitate direct comparison with HUCPVCs. At 70-80% confluence, MSCs were enzymatically detached from the culture vessel by brief incubation with TrypLE Select (Life Technologies), and re-seeded at a density of 4000 cells/cm 2 . Culture conditions were maintained at 37 o C, 5% CO2, 80% relative humidity, with media replacement every 3-4 days.
For cryo-preservation, cells were enzymatically detached using TrypLE Select, pelleted by centrifugation at 149g, then resuspended in 50% MSCGM-CD and 50% EZ-CPZ (InCell) cryo-preservation media. Cryogenic vials were rapidly transferred to a CoolCell (Biocision) controlled-rate freezer and stored at -80 o C overnight, then transferred to liquid nitrogen for cryogenic storage.
Bioluminescent MSCs
For transient engineering of MSCs with the firefly luciferase (ffluc) gene, HUCPVCs and BM-MSCs at approximately 70% confluence in T150 flasks were incubated with a recombinant adenovirus serotype 5 encoding ffluc (Vector BioLabs), at 200 multiplicity of infection (MOI), suspended in 7.5 mL of MSCGM-CD (Lonza) without antibiotics for 3 h. Transduction media was removed and replaced with MSCGM-CD supplemented with antibiotic-antimycotic (Life Technologies) without washing.Twenty-four hours after transduction, cells were enzymatically detached using TrypLE Select, counted using a Millipore Scepter 2.0 (EMD Millipore), washed once in excess Hank's Balanced Salt Solution (HBSS; Life Technologies), then resuspended in an appropriate volume of HBSS to generate doses of 1 million cells per 75 µL. Cell viability in the dose cell suspension was verified by Trypan blue exclusion using a TC20 cell counter (BioRad) prior to implantation and again after administration of the final dose. Athymic mice received a single injection of 1 million cells in HBSS by IV infusion or IP, SC or IM injection.
To engineer MSCs with an integrated bioluminescent reporter gene, 2 million P2 HUCPVCs at approximately 70% confluence in a T75 flask were incubated overnight with Cignal Lenti-luciferase (Qiagen) at 1 MOI, suspended in 6.0 mL MSCGM-CD without antibiotics. Lenti-transformants were selected by resistance to 500 ng/mL Puromycin (Life Technologies). Transformants were expanded for two passages, then cryo-preserved in EZ-CPZ (InCell) as described previously.
Proliferation and differentiation assays
Cell proliferation was assayed using the colorimetric Cell Counting Kit-8 (CCK-8; Sigma-Aldrich) assay. Native and engineered cells were seeded in a 96-well plate at a density of 1000 cells/well in 200 µL of MSCGM-CD, with four replicate wells for evaluation at each of eight time points. Absorbance was measured at 450 nm every 24 h for 7 days using a Synergy HT (BioTek) microplate reader. Absorbance was normalized against the Day 1 measurement to account for variability in seeding density.
Multi-differentiation potential of MSCs was assayed by directed differentiation using commercially available adipogenic, osteogenic and chondrogenic media formulations. At least three replicate wells were assayed at each time point. Uninduced native and engineered cells were included as controls. No spontaneous induction was observed in uninduced cultures, except in adipogenesis assays where controls are incubated in maintenance medium containing a subset of the adipogenic factors, as specified by the assay manufacturer (Lonza).
Adipogenic human MSC (hMSC) differentiation Bulletkits (PT-3004, Lonza) were used to stimulate adipogenesis of native and engineered HUCPVCs.The lipophilic AdipoRed Assay Reagent (PT-7009) was used to quantify adipogenesis on days 7,12, 18 and 25 after seeding. Relative fluorescent units (RFU) at 572 nm were quantified using a Synergy HT (BioTek) microplate reader. Cultures were subsequently imaged using fluorescence microscopy at 260X magnification on an EVOS digital microscope (Thermo Fisher Scientific).
Osteogenic potential was tested by directed differentiation using hMSC osteogenic differentiation Bulletkits (PT-3002, Lonza) according to the manufacturer's instructions. Mineralization was assessed on days 17 and 21 after induction using the OsteoImage Bone Mineralization Assay (PA-1503, Lonza). Hydroxyapatite was measured using fluorescence quantification at 488 nm using a Synergy HT (BioTek) microplate reader, followed by imaging at 260X magnification on an EVOS digital microscope (Thermo Fisher Scientific).
Chondrogenesis was induced in micromass pellet cultures incubated in chondrogenic MSC differentiation Bulletkit media (PT-3003, Lonza) for 14 and 28 days, as per the manufacturer's instructions. Pellets were washed with Dulbecco's phosphate-buffered saline (DPBS; LifeTechnologies) and fixed with 10% neutral buffered formalin (Sigma-Aldrich). After fixing, the pellets were processed and embedded in paraffin using a TP1020 tissue processor (Leica). Microtome sections (4 µm) were mounted on slides and subject to deparaffinization and antigen retrieval using citrate buffer pH 6.0 (Abcam) at 95 o C for 15 min, followed by 20 min cooling and rehydration in PBS. Sections were blocked and permeabilized using PBS supplemented with 0.2%Triton X-100 (Sigma-Aldrich), 10% goat serum (Abcam) and 1% bovine serum albumin (BSA; Sigma-Aldrich) for 1 h at room temperature, followed by overnight incubation with . Confocal images were captured at 400X magnification using a Quorum WaveFX laser scanning confocal microscope (QuorumTechnologies Inc.) equipped with a Hamamatsu electron magnifying charge coupled device camera. Images were processed using Adobe Photoshop CS4.
Animal studies
Animal work was performed according to Canadian Council on Animal Care approved protocols and institutional standards of care. Eight-to ten-week-old athymic female BALB/c nu/nu mice (Charles River) were housed in pathogen-free conditions, and provided with sterilized water and irradiated chow ad libitum. Groups of three to five age-matched mice received an injection of 1.0 million HUCPVCs or BM-MSCs by the specified route. MSCs were administered IP, SC or IM as a single 75 µL injection, or IV as a single 75 µL injection in a tail vein. Control mice received an equivalent injection of HBSS delivery vehicle.
This study was predicated on prior observations and preliminary experiments, resulting in highly defined test parameters from the outset. To reduce the requirement for animals, experiments to examine passage number and MSC source on survival after IM implantation were performed simultaneously.Thus, data from a given group may have been used in more than one comparison; groups used in more than one comparison are stated in the relevant figure legend. In addition, representative animals were humanely killed at select time-points for ex vivo validation of the internal source of bioluminescent regions of interest (ROIs) produced by in vivo optical imaging. Only the minimum number of animals required for confident interpretation of in vivo images was humanely killed.
Optical imaging
Bioluminescence (BL) imaging was performed using the Xenogen In Vivo Imaging System (IVIS) Spectrum (PerkinElmer), equipped with Living Image 4.3.1. Eight minutes prior to imaging, mice received an IP injection of 150 mg/kg (150 µL) D-luciferin Ultra salt solution (PerkinElmer). Mice were immobilized by isoflurane anesthesia delivered through a nose cone in the imaging chamber. Images were obtained within 1 h after cell transplantation (T0), and then periodically starting at 24 h post-injection and up to 154 days post-cell injection. For quantification, scale intensity of the longitudinal images was normalized and a ROI selected based on the signal intensity. The ROI was kept constant across comparison, and the total flux (photons emitted per second) measured.
BL from control groups (not shown) was minimal and used at each time-point to establish the background threshold. Control mice were injected with the HBSS delivery vehicle only and were used to establish the threshold for positive ROIs, particularly in maximal scans for weak signals. Controls were imaged in parallel with experimental mice, and received an IP injection of D-luciferin substrate 10 min prior to imaging. Faint liver-localized BL was consistently documented in maximal scans of control mice. Ex vivo imaging of experimental mice exhibiting liver-localized BL of similar intensity in maximal scans did not reveal bona fide ROIs, indicating that such BL was nonspecific background. Liver-localized ROIs were only validated ex vivo in IP-treated groups that exhibited ROIs with measurable BL above the threshold of negative controls. As such, signal intensities at or below this threshold were excluded from our analyses. A similar strategy was used for establishing signal-tonoise ratios for all other ROIs documented in the study.
For ex vivo validation, mice were humanely killed and tissues and organs rapidly harvested. Samples were rinsed with PBS, placed in a black dish and covered in ice-cold PBS containing 10 mmol/L adenosine triphosphate (ATP) and 30 µg/mL D-luciferin substrate. All samples from a given mouse were imaged in a single frame.
For immunohistochemical analyses, dissected tissues and organs were washed with DPBS, placed in tissue cassettes and fixed by submersion in 10% neutral buffered formalin (Sigma-Aldrich).Tissues were subsequently embedded in paraffin using a Leica TP1020 tissue processor (Leica). Microtome sections (4-7 µmol/L) were mounted on slides and subject to deparaffinization and antigen retrieval using citrate buffer pH 6.0 at 95 o C for 15 min, followed by 20 min of cooling and rehydration in PBS. Sections were blocked and permeabilized using PBS supplemented with 0.2% Triton X-100 (PBST; Sigma-Aldrich) and 5% goat serum (Abcam) for 2 h at room temperature, followed by overnight incubation with 1 o antibodies in PBST with 5% goat serum at 4 o C. After washing with PBS supplemented with 0.025% Triton X-100, sections were incubated with fluorescent conjugated 2 o antibodies in PBST, washed three times in PBS and then mounted in SlowFade Mountant containing 4',6-diamidino-2-phenylindole (DAPI; Molecular Probes, Life Technologies). All antibodies were sourced from Abcam. Primary antibodies included Alexa 488 or Alexa 647 conjugated mouse anti-human nucleolin (364-5), rabbit anti-firefly luciferase (ab21176, ab185925) and goat anti-firefly luciferase (ab181640). Secondary antibodies used were Alexa Fluor 488 goat anti-rabbit (A-11008), Alexa Fluor 647 goat anti-rabbit (A-21245) and Alexa Fluor 488 donkey anti-goat (A-11055) highly cross-adsorbed immunoglobulins (Thermo Fisher). Confocal images were captured at 400X magnification using a Quorum WaveFX laser scanning confocal microscope (Quorum Technologies Inc.) equipped with a Hamamatsu electron magnifying charge coupled device camera. Images were processed using Adobe Photoshop CS4.
Statistical analysis
In this study, t test comparisons, analysis of variance (ANOVA) with post hoc uncorrected Fisher Least Significant Difference (LSD) tests and nonlinear regression were performed using GraphPad Prism (Version 6.01, GraphPad Software). In vivo data represent the average BL obtained over three independent experiments, as specified in the figure legend. Error bars represent the standard deviation of averages shown in all figures.
Results
IM implantation potentiates HUCPVC survival
To facilitate longitudinal cell tracking in vivo, MSCs were engineered with the ffluc reporter gene using either an integrated or episomal expressible construct. Although the integrated marker permanently labels all cells and their progeny, reporter expression is insufficient for in vivo detection except at higher cell concentrations.
BL is significantly higher in cells transiently engineered with an episomal transgene, which better facilitates long-term tracking and minimizes the likelihood of confounding effects due to insertional mutagenesis. However, the episomal reporter is stochastically diluted during cell division and precludes reliable evaluation of cell expansion in longitudinal studies. To compensate for these limitations, both types of engineered reporter cells were used in the study, to generate a more comprehensive data set for collective interpretation.
Two independent HUCPVC populations were established to stably express ffluc by lentiviral transduction (LLuc). These cell populations were used to detect post-transplantation cell proliferation or colonization, as would be evident from increasing or reemerging BL. To facilitate long-term in vivo imaging, three donor populations of HUCPVCs were transiently engineered with ffluc by recombinant adenovirus transduction (pAdLuc). Due to multiple transgene copies per cell, the pAdLuc HUCPVCs produced BL 1 to 2orders of magnitude higher than LLuc cells, and thus could be detected in vivo at much lower cell densities.
Standard proliferation and multi-differentiation assays were used to verify that engineering with ffluc does not alter the relevant biological characteristics of HUCPVCs. Bioluminescent HUCPVCs were assayed in direct comparison with native (unengineered) cells of the same cell population and passage number. Native controls exhibited nearly identical growth curves (r = 0.9961; P < 0.0001; Figure 1A ), despite being derived from different donors. Bioluminescent engineering using either construct mildly attenuated proliferation. Growth kinetics of stably engineered HUCPVCs differed from unengineered controls by day 4 after seeding (P < 0.05; Figure 1A ), whereas deceleration of transiently engineered cells was not significant until day 6 (P < 0.05; Figure 1A ).These documented changes had minimal effect on the execution of the study because bioluminescent cell doses were readily obtained for the study within a day of native controls, even after cryo-preservation and revival of LLuc lines (not shown).
Conversely, bioluminescent HUCPVCs were slightly more responsive to directed differentiation than their native equivalents. LLuc ( Figure 1B ) and pAdLuc ( Figure 1C ) engineered HUCPVCs robustly responded to adipogenic, osteogenic or chondrogenic culture conditions as shown using fluorescence quantification and imaging of lipid droplets, hydroxyapatite mineralization and type II collagen, respectively. Decelerated proliferation concomitant with enhanced differentiation potential has been previously reported for engineered MSCs [7, 47] , and may indicate a mild stress response to the viral engineering process or to constitutive overexpression of the transgene.
We first tested the impact of administration route on bio-distribution and cell survival using in vivo optical imaging of 1 million bioluminescent HUCPVCs administered by four clinically relevant routes-IV, IP, SC and IM. For this study, LLuc-engineered HUCPVCs were used to evaluate short-term cell dynamics after transplantation, and to detect cell expansion post-transplantation. Luminescence captured One hour after IV infusion, intense BL was detected in bilateral ROIs in the thoracic cavity (Figure 2A ). These ROIs correlated with the lungs, as demonstrated using three-diemensional image reconstruction (not shown) and ex vivo imaging of isolated lungs (Figure 2A and Supplemental Figure S1 ). BL in the lungs had substantially decreased after 24 h and was not detected above background after 7 days (Figure 2A ). Our findings are consistent with numerous reports that IV-infused MSCs become lodged in the lungs and fail to persist there for more than several days [36] [37] [38] [39] .We also noted that considerable BL was retained at the tail vein injection site, even after BL was lost from the lungs (not shown). This phenomenon has been reported previously [48] and is adventitious evidence for extravascular survival of implanted MSCs.
Bioluminescent HUCPVCs administered IP exhibited dynamic and somewhat stochastic distribution immediately following implantation ( Figure 2B ), and overall failed to persist at any fixed location. In the first 3 days following implantation, BL was most frequently detected in the liver and spleen and associated with the gastrosplenic ligament ( Figure 2B ), although spatial and temporal intensity varied between animals. When BL was no longer detectable in these organs and tissues, it could be detected in the kidneys ( Figure 2B ) just prior to complete loss of the signal. BL was not detected in any other organs (Supplemental Figure S1 ). At most, BL was detected in the liver region for up to 21 days post-transplantation in 20% of recipient mice ( Figure 2B ).
By contrast, bioluminescent HUCPVCs administered SC at the nape of the neck remained in situ in healthy animals ( Figures 2C and 2D ). Statistically significant BL was never detected at distal sites. Only 60% of mice were faintly positive for BL at day 14 and 21, and no BL was detected at day 30 or later ( Figures 2C and 2E) . Strikingly, BL from HUCPVCs implanted in the left hind limb was still detected at the site of IM injection 104 days after implantation in 100% of recipient mice ( Figure 2D and 2E) . BL was not detected at remote sites in healthy animals at any time during the study (Supplemental Figure S1 and Supplemental Figure S2 ), although cutaneous BL was detected in a single mouse that sustained a cage wound late in the study (not shown). Interestingly, ex vivo imaging of the left hind limb within 7 days of implantation revealed two distinct ROIs-one corresponding to the syringe entry site, the other to the site of cell deposition ( Figure 2D ). At the end of the study, BL was only documented at the syringe entry site (Figure 2D ), suggesting that MSCs may have actively aggregated at the wound site in response to local inflammatory signals.
Quantification of luminescence revealed two additional trends. First, total BL was highly similar between the IP-, SC-and IM-treated groups in the first 3 days following implantation, followed by a precipitous decrease in BL by day 7 ( Figure 2E ). The IV infused group displayed a similar trend, although overall BL was significantly lower due to depth of the signal; the first significant decrease in BL in this group occurred at day 3 rather than day 7, and no signal was detected in vivo after day 7. This suggests that similar short-term cell survival can be achieved by any of these administration routes. Second, no instance of increased or re-emerging BL was ever observed in the study, suggesting that the implanted HUCPVCs do not proliferate at a significant rate after implantation in healthy animals, nor do they exhibit a propensity for colonization.
HUCPVCs cultured to passage 6 retain their potential for extended survival
Having demonstrated that the IM route potentiates extended dwell time of HUCPVCs, we next examined the effect of passage, or in vitro expansion, on the survival of IM implanted HUCPVCs. For this analysis, transiently transduced pAdLuc HUCPVCs were used to generate significantly higher BL signals and thereby increase the threshold and sensitivity of optical imaging. Cells at passage 3, 6, 7 or 11 were engineered with the ffluc reporter and implanted IM in the left thigh muscle. Cell populations typically doubled 4 to 5 times per passage. BL was detected at equivalent levels in 100% of mice treated with passage 3 or passage 6 HUCPVCs at days 30 and 61 (P > 0.05), although BL was slightly higher in passage 6 HUCPVCs at day 104 ( Figure 3A) . The first of the three independent experiments was carried out to day 154, and both groups remained positive for BL at this time point (not shown). However, 20% of mice treated with passage 7 cells lost BL by day 14 ( Figure 3B) ; the remaining mice exhibited BL equivalent to passage 3 and passage 6 groups until day 104. Dwell time of passage 11 HUCPVCs was significantly reduced compared with the earlier passage cells. By day 14, BL was undetectable in 60% of mice from this group, and only 20% of passage 11-treated mice were positive for the BL at the end of the study ( Figure 3B ). Moreover, BL from passage 11-implanted cells was first significantly reduced compared with the other groups by day 7 (P < 0.05; Figure 3A) , revealing that short-term persistence was also attenuated. In addition, BL in mice treated with passage 6 or passage 7 cells decreased more between days 3 and 7 than passage 3 cells ( Figure 3A) . However, by day 30, BL was equivalent in passage 3-, passage 6-and passage 7-treated groups (P > 0.5) and was maintained to day 104 ( Figure 3A) .
To verify the presence of MSCs after such an extended time, we probed paraffin-embedded muscle . Within 24 h, BL was considerably reduced. By day 7, no BL remained in the lungs. (B) BL from IP administered HUCPVCs was temporally and spatially dynamic. Within the first 3 days, BL was consistently detected in the liver and spleen and was associated with the gastrosplenic ligament, although at varying relative intensities (Ms 4). BL was typically lost from these organs and connective tissue between days 3 and 21 (Ms 1-3) and concomitantly localized to the kidneys (Ms 5) before decreasing below the detectable threshold. (C) HUCPVCs administered SC remained in situ. BL rapidly diminished between days 3 and 7, and decreased to threshold limits by day 14. (D) HUCPVCs administered IM also remained in situ but remained detectable to the end of the study, day 104. (E) BL was quantified from all in vivo ROIs at each time-point as Total Flux (photons per second). Administration route had minimal effect on dwell time for the first 3 days after transplantation, and all groups exhibited a considerable loss of BL between days 3 and 7. IV infused cells were not detected after day 7, whereas SC implanted cells were not reliably detected after day 14. IP implanted cells were detectable to day 21 in 30% of mice. By contrast, BL from IM implanted HUCPVCs stabilized after day 7 and was detected until the end of the study, day 104. BL did not increase or re-emerge during the study. The graph shows averages ±SD from three independent experiments, n = 3-5 mice per group per experiment. (*P < 0.05, **P < 0.005 and ***P < 0.0005 using Student t test.) See also Supplemental Figures S1 and S2. Abbreviation: Ms, mouse. In vivo optical imaging revealed that BM-MSCs exhibit longitudinal BL consistent with HUCPVCs, suggesting that the IM route is more critical to long-term persistence than the MSC source. (A, E) Average BL from three independent experiments, five mice per group, is shown. Error bars represent SD. (*P < 0.05, **P < 0.005 and ***P < 0.0005 using Student t test.) (G) Average BL from two technical replicates, three mice per BM-MSC group, is shown. P3 HUCPVCs are the same group shown in (A, B), as these studies were carried out in parallel. (*P < 0.05, **P < 0.005 and ***P < 0.0005 using uncorrected Fisher LSD test.) Abbreviations: HuNu, human nucleolin; NS, no statistical significance; P, passage. sections of these mice for human nucleolin (HuNu) and FFLuc antigens. We first validated the detection pattern of these antibodies on cultured ffluc HUCPVCs, captured using confocal microscopy ( Figure 3C) . Indeed, at 154 days post-implantation a small percentage of DAPI-stained nuclei were also positive for HuNu, confirming the presence of exogenous human cells ( Figure 3D ).These human nuclei were most commonly observed between muscle fibers, consistent with the report byVilalta et al. using IM-implanted adiposederived MSCs [49] .Taken together, HUCPVCs retain their potential for long-term persistence after IM implantation until passage 6 or passage 7, providing an opportunity for considerable in vitro cell expansion and stockpiling.
Dwell time of freshly thawed HUCPVCs is compromised
We also evaluated the dwell time of ffluc-engineered HUCPVCs implanted immediately post-thaw from cryo-storage, in direct comparison with equivalent cells 48 h after engineering (without cryo-preservation), and equivalent engineered cells thawed from cryo-storage and cultured overnight prior to implantation. Cryogenically stored ffluc HUCPVCs were thawed according to standard protocols, including centrifugation and resuspension in fresh media to remove cryogenic media. For direct implantation, viable cells were counted using Trypan blue exclusion to ensure implantation of 1 million viable cells, then centrifuged and resuspended in an appropriate dose volume. After all cell transplantations were performed, the remaining contingency volume was injected into a flask containing media and cultured; the cells adhered and proliferated normally, indicating that they had not been physically compromised by the thaw and injection procedure. Cells allowed to recover prior to implantation were similarly thawed, then transferred to culture flasks overnight. In all cases, viable cells were counted prior to centrifugation and resuspension in an appropriate dose volume, then immediately administered.
Cells administered directly after thawing exhibited markedly compromised dwell time; BL was only detectable up to day 3 in 85.7% of treated mice ( Figure 3E ; P < 0.05). The remaining mice (14.3%) maintained a BL signal between days 7 and 30 ( Figure 3F ), but luminescence was barely detectable above threshold ( Figure 3E ). Culturing these cryopreserved cells overnight prior to implantation vastly improved their post-transplantation survival. Mice treated with pAdLuc HUCPVCs of the same population and passage number, fresh from culture or recovered overnight after cryo-preservation, exhibited similar longitudinal BL intensities and dwell time (P > 0.05 at days 0-10; Figure 3E ). These data indicate that the persistence of engineered HUCPVCs is uncompromised by cryo-preservation if the cells have an opportunity to more fully recover prior to transplantation.
IM implantation also potentiates survival of human BM-MSCs
Finally, we tested whether IM implantation could potentiate long-term survival of another clinically relevant MSC population. Three donor populations of human BM-MSCs were cultured and transiently engineered with the ffluc gene using conditions identical to pAdLuc HUCPVCs. One million BM-MSCs were implanted in the left thigh muscle of recipient nude mice. Consistent with our previous findings, BL from all three populations of BM-MSCs was detectable 110 days after IM implantation ( Figure 3G) . Ex vivo imaging validated the source of BL as the injection site in the hind limb (Supplemental Figure S2) . Interestingly, both the longitudinal BL intensities ( Figure 3G ) and dwell time ( Figure 3H ) of BM-MSCs closely followed that of HUCPVCs. Taken together, the IM route of administration can potentiate extended dwell time of both neo-natal and adult MSCs, and offers an alternative to conventional IV infusion to achieve sustained benefit from MSC cell therapies.
Discussion
The aim of this study was to characterize the dwell time and bio-distribution of clinically relevant MSC doses in a controlled setting. Previous studies using sensitive methods, such as quantitative polymerase chain reaction (qPCR), have detected minute quantities of DNA from implanted MSCs in a wide range of organs post-transplantation [2, 41, 50, 51] .While we predict that the MSCs in our study may have similarly distributed at trace levels, our focus here was to establish the post-transplantation behavior of MSC quantities sufficient to generate therapeutically useful benefits.
While it is evident from this study that IM implantation potentiates dwell time far exceeding that of IV, IP or SC routes, it is notable that within 3 days of implantation, changes in total BL were comparable across transplant groups.This suggests that for acute cell therapy benefits, route of administration is dispensable for cell survival, and the delivery protocol should rather be prioritized based on limitations and requirements for a given indication. For sustained cell therapies, however, particularly those in which MSCs are exploited as delivery vectors for bio-molecules intended for systemic circulation, implantation route can have considerable impact on therapeutic success and should be considered during development of therapeutic protocols.
The notion of using IM implantation as an alternative to IV infusion has been explored for limb-specific indications in both pre-clinical [51] [52] [53] and clinical studies [54] [55] [56] [57] [58] [59] . Most recently, BM-MSCs engineered with vascular endothelial growth factor (VEGF), administered IM in a mouse model of critical limb ischemia, were detected in the hamstring muscle up to 21 days post-transplantation using optical imaging, or up to 4.5 months using PCR [51] . These results are consistent with our report, although our homeostatic animal model makes an important distinction from the preferential survival of exogenous MSCs at a local inflamed site [48] .Whether the muscle provides a permissive microenvironment that better supports MSC survival than the other routes tested is unknown.
The biological characteristics of the long-lived MSCs at the IM implantation site are not yet known. Tools to definitively track, identify, characterize and recover human cells after transplantation in animal models have improved drastically in recent years, but
are not yet adequate to fully answer many important, unresolved questions about the ultimate fate of MSCs after implantation. Antibodies raised against human nuclear antigens, like the one used in this study, are valuable means to identify human nuclei after transplantation. However, there are still no humanspecific cytoplasmic or cell surface markers to identify associated cell bodies in the milieu of dense tissue sections and to definitively co-register any other immunolabels or to interpret morphological or phenotypic data.
There is, however, compelling data to suggest that the IM implanted cells remain metabolically active. First, the luciferase enzyme requires ATP and Mg 2+ , in addition to luciferin substrate, to generate BL [60] . By genetically encoding luciferase as the visual reporter, rather than a fluorescent molecule, BL also reports on the metabolic activity of the host cell. Indeed, the ATP requirement for BL was so acute in our study that within minutes of euthanasia BL was lost as ATP was consumed by the cells, and tissues and organs had to be rapidly submerged in a solution of ATP and luciferin to recover BL for ex vivo imaging. Moreover, our previous data demonstrated active secretion of a recombinant antibody by IM implanted HUCPVCs for more than 100 days [7] .Taken together, detection of both the genetically encoded visual and secreted reporters for more than 100 days supports the notion that IM implanted MSCs remain metabolically active, at least for several months after implantation.
Despite substantial effort, using multiple combinations of published anti-FFLuc antibodies and protocols on tissue sections from animals 1 day after implantation and thus exhibiting robust BL, we were unable to detect luciferase using immunohistochemical staining of wax-embedded tissue sections. As such, we were unable to perform co-labeling experiments to detect false-positive BL from macrophages, which may have acquired the transgene by scavenging dead MSCs. Although we cannot exclude the presence of false positives from our data set at this time, we do not believe that they contribute to the final conclusions of the study. The use of a genetically encoded reporter and the fact that equivalent data was obtained using both an integrated and episomal reporter construct minimize the likelihood that confounding BL was produced by passive transfer of the reporter transgene or by incomplete catabolism of the transgene after scavenging. The distinct BL profiles documented using MSCs from different passage numbers and fresh versus cryo-preserved cells that terminated months apart also provide evidence that a massive die-off, and consequent scavenge, of MSCs early in the study does not generate long-term BL.
A previous study using human adipose-derived MSCs also described extended cell survival following IM implantation compared with IV infusion [49] . However, these authors concluded that both IM and IV implanted cells preferentially colonized the liver [49] . Although we also observed low-intensity BL in the liver during maximal sensitivity scans for weak signals, it was classified as nonspecific background since equivalent BL was also documented in control mice that were not treated with MSCs. Further, we were unable to demonstrate that such BL represented true cell localization using ex vivo imaging. Consistent with our findings, however, Creane et al. recently reported that MSCs implanted IM in healthy mice were only retained at the muscle site and not at distal murine tissues, as determined using qPCR of human alu sequences [61] . In our study, MSCs were highly retained at both the IM and SC implantation sites, revealing that these two routes present opportunities for controlled MSC dosing, in contrast to dynamic cell distribution among visceral tissues and organs as a consequence of IP injection.
The reported inconsistencies between MSCs isolated using different extraction methods or from different tissues and MSCs propagated in different expansion media, particularly in the presence or absence of serum, are a significant hurdle in the development of MSC therapies. Our findings appear to transcend these inherent differences, at least for BM and cord-derived MSCs, and thus have broad clinical relevance.We first documented prolonged IM dwell time using HUCPVCs isolated and cultured in alpha-MEM supplemented with 15% animal serum [7] . In the current report, HUCPVCs were isolated using a revised protocol and cultured in serum-free media using protocols recapitulating those developed for good manufacturing practice (GMP)-compliant manufacturing by the cell provider, TRT Inc. Thus, IM administration not only prolonged the survival of HUCPVCs isolated and cultured by different methods, but also extended the dwell time of distinct BM-MSC populations isolated using a third technique.
MSCs are a heterogeneous population of cells [2] [3] [4] [5] 22] . The data presented here suggest that the MSC milieu may include a subpopulation with higher potential for long-term survival than other cells in the population, particularly when administered IM. Intense BL was comparable for the first 3 days after IM implantation, followed by marked decrease by day 7.This trend was consistent between all administration routes tested. Fourteen days after IM implantation, however, BL stabilized and was generally maintained until the end of the study. In animals treated with higher passage cells, however, BL after day 14 was specifically compromised, whereas BL in the first 3 days was similar to lower passage cells.
Therefore, we propose that a subpopulation of MSCs with strong survival potential exists at a high ratio immediately after isolation, but is gradually lost during in vitro expansion. Indeed, cell cycle kinetics appear to have an important role in the engraftment and migratory potential of stem cells [2, [62] [63] [64] [65] .Thus, it is plausible to envision a subpopulation of asynchronous MSCs with high engraftment potential that are selected against during prolonged cell expansion. We are currently analyzing the gene expression profile of HUCPVCs during in vitro expansion from isolation to natural senescence, with the aim of identifying novel markers of this waning subpopulation of potent engrafters. This data will inform on the appropriate expansion time to obtain the maximum number of long-term surviving HUCPVCs for clinical applications. However, whether such a population also possesses potent immune-modulatory and/or tropic responsiveness to inflammation or whether these properties are inherent to shorter-lived cells remain to be elucidated.
We documented that the most direct route of cell recovery-simply thawing from cryo-storage, washing and administering IM-compromised the long-term persistence of HUCPVCs, while allowing the cells to recover overnight prior to implantation reversed this effect. Previous reports have suggested that the therapeutic potential and viability of cryogenically stored MSCs can be attenuated and that variations in both the cryo-storage and thawing procedures can affect these outcomes [46, [66] [67] [68] . This accumulating evidence reveals a gap in bench-to-bedside translation of off-the-shelf cell therapies and must be resolved. There is not only a need for specific protocols that rapidly recover these innate biological characteristics of MSCs after thawing, but also for development of standardized assays to assure delivery of cell therapies with full potency after cryo-preservation.
Conclusion
Taken together, we propose that the IM route presents a minimally invasive alternative to conventional IV infusion for applications beyond local limb injury. IM administration is particularly beneficial for MSC treatment modalities premised on secreted biomolecules. We have shown that IM implanted HUCPVCs continuously secrete an exogenous antibody that confers protection against a viral bioweapon for more than 3 months [7] , whereas Mao et al. reported that IM administered umbilical cord MSCs improved cardiac function in a rat model of dilated cardiomyopathy [69] .These results support the notion that IM situated MSCs can provide sustained delocalized benefit for diverse applications. Moreover, IM is a field-deployable administration route.The data described herein brings the notion of developing novel cell therapeutics for uses beyond the clinic into the realm of possibility.
